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CHARACTERISTICS OF VEGETABLE OILS FOR USE AS FUEL IN STATIONARY DIESEL ENGINES -TOWARDS SPECIFICATIONS FOR
Introduction
Development of the biofuel sector is a promising option for many developing countries. Given the impending energy crisis, they are much more vulnerable than wealthy countries and ensuring their energy supply at an affordable cost will become a serious challenge in the years to come. Moreover, most southern countries do not have large investment capacities, so they have to find economical solutions to launch new economic activities in the energy production field. In this context, biofuel production is a major opportunity, particularly where large arable land areas are available and a large share of the population is involved in agriculture, such as in West Africa [1] [2] [3] [4] [5] [6] [7] [8] [9] . One of the most advantageous branches in the biofuel sector is seen to be the production of straight vegetable oil (SVO) for direct use as fuel in diesel engines. There has been renewed interest in this activity in recent years, for stationary applications in the fields of agriculture, power generation and industry [10] [11] [12] [13] [14] [15] . These sectors are major consumers of fuel oils, either high distillates (diesel), medium distillates (DDO Distillate Diesel Oil) or heavy Fuel Oil 180 (FO180), which might be wholly or partially replaced with SVO [10, 12, 13] . This solution may contribute to reducing the cost of fossil fuel imports incurred by most developing countries, curb dependence on fossil fuels and limit greenhouse gas (GHG) emissions [14, [16] [17] [18] . This is particularly true for African countries such as Burkina Faso, Mali, Niger, Botswana, Madagascar, Malawi, Tanzania or Uganda, which import 100% of the fossil fuels they need [19] . In recent years, many initiatives for the production of oilseed-based biofuels (SVO or biodiesel) have emerged in West African countries, with the support of governments or through regional initiatives [20] . In this context, many perennial oil crops, especially Jatropha curcas, have been planted and large quantities of SVO are set to be produced in the coming years [21] [22] [23] [24] [25] [26] . The most widespread scheme adopted by project promoters is the local production of oilseeds and their conversion into SVO by village-scale extraction units or decentralized cooperative mills, to fuel local stationary diesel hal-00814899, version 1 -18 Apr 2013 engines [10, 11, 27] . This scheme has the advantage over biodiesel production of only requiring reasonable investments and offering much more flexibility in terms of production capacity, compared with large-scale centralized biodiesel production [17, 20] . At the beginning of these biofuel promotion campaigns, the concerns mainly focused on the agricultural part of the sector. Today, with the arrival of the first expected harvests, 3 years after planting in the case of Jatropha curcas, biofuel project developers are questioning the extraction and purification techniques, and the use of SVO in diesel engines. In such a decentralized scheme, the processing conditions can be very different from one unit to another, leading to a wide range of oil qualities. Using vegetable oil of unknown quality as fuel might be risky and rapidly cause fatal mechanical damage to engines [13, 14, 28] . Consequently, oil quality is a recurring issue that is impeding the development of the sector, since there is no standard defining what should be the quality characteristics of vegetable oils for fuel purposes in stationary engines. Currently, no specific legal standard applies to vegetable oils for fuel uses, so by default they must comply with the quality standards of petroleum diesel fuel (set by standardization institutions such as ASTM and ISO). At the moment, SVOs rarely meet the requirements of petroleum fuel standards. Few initiatives have been launched in recent years to standardize the quality of SVO produced from a specific biomass: i) some studies were carried out in Germany on rapeseed oil [29, 30] , ii) and an initiative would seem to be under way to define a standard for Jatropha curcas oil in Mali [31] . However, in all cases, the analytical methods have been derived so far from those used in petroleum fuel standards, hence designed to characterize complex mixtures of hydrocarbons, while SVOs mainly consist of quite different chemical compounds, i.e. triglycerides. As a result, certification requires a series of complicated and expensive analyses to be carried out that are not always relevant for SVO [32] . Moreover, this does not comply with the needs of small-scale oil extraction plants, which require a quick and low-cost methodology to certify an acceptable quality of SVO for fuel use in stationary diesel engines. Consequently, the introduction of an SVO quality standard dedicated to stationary engines with low certification costs is very likely to facilitate the development of this sector in developing countries. Regional organisations such as the West African Economic and Monetary Union (WAEMU) are interested in such a norm. Local certification laboratories could be set up and guarantee good quality SVO for consumers. The aim of this study was to consider and propose a basic set of quality criteria that SVO must comply with, in order to be used as fuel in a stationary diesel engine without causing breakdowns or serious lifetime reductions. After a brief review of SVO production and use techniques, we propose a critical review of existing tentative standards and take a look at existing experience in fuelling diesel engines with SVO, taking into account the requirements of engine manufacturers. Based on this critical analysis and current knowledge on vegetable oil characterization, we propose a simplified, cheap and efficient basic standard that enables easy assessment of SVO quality for fuelling a stationary diesel engine.
Methodology and definitions
The SVO standard proposed in this paper is based on the review and comparison of i) the literature on SVO for fuelling stationary diesel engines and ii) existing standards for diesel fuels, including fuel oils, biodiesel and SVO. All petroleum fuels dedicated to run diesel engines are grouped under the hal-00814899, version 1 -18 Apr 2013 4 generic term fuel oils and SVO refers to all kinds of vegetable oils produced for fuel purposes. A standard provides a set of specifications -formed by triplets [parameter, test method, limit value] -which the fuel must satisfy to claim a certified quality. The review of fuel standards included:
 the most commonly used fuel oil standards: ASTM D-396 and ISO 3104, which are worldwide references, and the specifications recommended by SONABHY, the national oil products company in Burkina Faso, which are quite representative of those applied in West African countries.
 the main three biodiesel standards: the US standard ASTM D6751-09, the European standard EN 14214, and the Brazilian standard ANP N°7/2008.
 the tentative standard for rapeseed based SVO, DIN V 51605, which underwent several changes from 1982 to 2006. From this review, we chose a series of parameters applicable to SVO characterization, with respect to their vegetable chemical nature. Then, based on the current literature and knowledge on fuelling stationary diesel engines with SVO, we adopted 7 crucial parameters to be analysed for this type of application. As the test methods provided by the standards are dedicated to petroleum products, they are not always suitable for vegetable oil characterization. We therefore propose appropriate and simple analytical methods, partially based on those recommended for the "Standardization of edible vegetable oils" [33] , found in the Codex alimentarius, paying special attention to certification costs. Lastly, the limit values for each parameter are discussed, with regard to those prescribed for stationary applications by the reviewed standards.
Straight vegetable oil as fuel for diesel engines
Straight vegetable oil production processes
SVOs are usually produced by mechanical extraction of oil from an oil-bearing biomass as feedstock. SVOs have a chemical composition that corresponds in most cases to a mixture of 95% triglycerides and 5% free fatty acids, sterols, waxes and various impurities [34] [35] [36] [37] . The quality of SVO for fuel use is strongly influenced by both the quality of the feedstock and the processing conditions, which need to be carefully managed to obtain high quality fuel. Oilseeds come from dedicated crops (sunflower, rapeseed, oil palm, Jatropha curcas, etc.) or crop by-products (cotton, flax, etc.). There are five main operations in the SVO production process that govern fuel quality and which need to be carefully managed (see figure 1 ).
1-Seed storage: seeds may be stored over several months to fit in with process planning. They must be regularly aired to prevent acidification and heat build-up [13] . Batches are considered to be stabilized if their moisture content is below 9% in weight [38] . Moreover, this is the maximum seed moisture content for most screw-presses currently available on the market to operate efficiently [39] .
2-Pre-treatments: firstly, impurities (leaves, soil, stones, metallic objects, etc.) in the seeds must be eliminated to a maximum of 2% [38] by weight. In particular, they cause wear in the press, increasing impurity levels in the oil. Then, cooking pre-treatment of the seeds is a commonly used technique to facilitate oil expression and thereby increase pressing capacity and oil recovery: this is due to the hal-00814899, version 1 -18 Apr 2013 thermal rupture of oil cell walls at temperatures above 100°C [39, 40] . However, this is likely to raise phosphorus concentrations in the oil, known to cause clogging in diesel engines [13, 41] .
3-Mechanical extraction: the most common production process consists of mechanical extraction [42] of oil from the seeds using a screw press. The mechanical strains inside the barrel are high, up to 40 MPa and friction phenomena increase the temperature of the seed mixture, up to 150°C in some cases [43] . However, the extraction temperature should be kept below 80°C to avoid the dissolution of a large amount of phosphorus in the oil. Thus, producing high quality SVO requires appropriate equipment and a highly skilled press operator.
4-Filtration: after extraction, the oil is simply filtered and can be purified by chemical operations such as degumming and neutralization. Filtration removes most solid impurities from the oil (particles, waxes, phospholipids) for a better quality fuel. Oils can be directly filtered after extraction or filtered after letting the oil decant for several days or even a few weeks (3-4 weeks) [13, 44] . Filtration should be carried out between 20°C and 60°C [13] to remove all soluble particles. Above 60°C, there are also some risks of oil oxidation. In most publications, it is recommended to filter at 10 µm to prevent any contamination and impurities in the oil [45] .
5-Oil storage: once filtered, to ensure good quality fuel, SVOs have to be stored in clean, air-tight, containers, in a cool (<35°C) and dark storage area to prevent oil oxidation and acidification leading to higher viscosity and engine filtration problems.
If free fatty acid contents or phospholipid contents are too high, additional refining operations can be performed to improve SVO quality, i.e. neutralisation and degumming respectively. Neutralisation consists in adding an alkali to the oil, typically NaOH, to turn the free fatty acids into soaps and then separate them by sedimentation. Degumming is commonly achieved by mixing water with the oil at high temperature: phospholipids are hydrated, forming solid particles that can be removed by centrifugation. Both processes are followed by a drying process, which makes them very energy-intensive and produces wastewater [46] . These operations have been developed in the edible oil industry and are not likely to be applied in small-scale SVO production processes. However, recent research work has proved that membrane filtration technologies allow dry degumming and neutralisation, at low temperatures (20°C). This process would be much more efficient, with lower operating costs, and thus available on a smaller scale [47] .
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Fuel properties of straight vegetable oil
Vegetable oils are mainly composed of triglycerides that consist of one molecule of glycerol combined with three molecules of fatty acids. The latter contain a long chain of carbon atoms, linked by single bonds and combined with hydrogen, ending with a carboxyl group [48] . Fossil fuel oils are complex mixtures of hydrocarbons which contain paraffins, naphthenes, olefins, and aromatics [13, 28] . As shown in Table 1 , despite a different chemical composition, vegetable oils have similar fuel properties to petroleum-derived diesel fuels, so they are suitable for fuelling diesel engines [49, 50] . SVOs have several advantages over fuel oil for use as fuel in stationary diesel engines: i) local availability, ii) renewability, iii) relatively high HHV, iv) a lower sulphur content, avoiding the environmental issues caused by sulphuric acid, v) a lower aromatic content and vi) high biodegradability [13, 28, 51] . However, due to the high viscosity of SVOs and their low cetane number, slight engine adaptations are required and specific operating precautions need to be observed.
hal-00814899, version 1 -18 Apr 2013 3.2.1 Kinematic viscosity SVO viscosity is much higher than that of diesel fuel: it increases with the carbon chain lengths [28, 52] , triglyceride unsaturation which induces polymerization, and when the temperature decreases [51] . Common SVOs have a kinematic viscosity of 30-40 cSt at 40°C, (see Table 1 ) i.e. 10-15 times higher than that of diesel [28, 37, [53] [54] [55] . SVO high viscosity causes i) a decrease in injection rate due to head losses in fuel injection pumps, filters and injectors, ii) poor fuel atomization and vaporization by the injectors, which leads to incomplete combustion inside the combustion chamber [51, 56, 57] . This results in lower thermodynamic efficiency, and an increase in soot emissions and particles. SVO kinematic viscosity does not meet the requirements of diesel fuel standard ASTM D396, which sets a limit value of 2-3.6 cSt and 5.8-26.4 cSt at 38°C for grade No. 2-D (diesel) and grade No. 4-D (medium distillate) respectively. For low-speed stationary engines, manufacturers recommend an optimum kinematic viscosity of between 13 and 17 cSt for fuel before entering the pump [58] . As for heavy fuel, the kinematic viscosity of SVO at room temperature exceeds the required range, thus needing pre-heating to reduce it [48, 59] . As shown in figure 2 , for a typical heavy fuel viscosity of 180 cSt at 50°C, it is necessary to heat the HFO to between 114°C and 125°C to reach the appropriate viscosity, while SVOs require only 67°C to 78°C to achieve the same viscosity. 
Cetane Number
The cetane number reflects the ability of a fuel to self-ignite when compressed under standardized conditions [13] . It is a direct indicator of the ignition delay of the fuel in the combustion chamber after its injection. The higher it is, the easier the fuel is to ignite (easy cold start). The cetane numbers obtained for most vegetable oils are low, between 29 and 43, as opposed to at least 45 for diesel and 40 for DDO, but they are within the range of Fuel-Oil 180 ( Table 1) . As for diesel, this low cetane number for vegetable oils leads to incomplete combustion when the engine is idling, difficult cold starting of the engine and increased engine noise. It is known that the self-ignition delay of fuels decreases as their injection temperature increases [28, 60, 61] .
Impurities
Depending on the quality and cleanness of the biomass used upstream and the extraction and storage conditions, vegetable oils can contain impurities that might lead to engine faults or damage when used as fuel. According to most authors, the most harmful impurities for diesel engines are phospholipids, sediments, high free fatty acid contents and water:
• Phospholipids come directly from the breakdown of cell membranes within the plant biomass [45] . Their concentration depends on the extraction techniques used, and especially the temperatures reached during cooking treatment and pressing; high temperature conditions cause phospholipids to dissolve in oils. When the oils are used in an engine, the phospholipids polymerize under the effect of heat and are responsible for the formation of deposits that clog injectors and valves, and build up on the combustion chamber walls and cylinder surfaces [13, 45] .
• Sediments can be of two kinds, either organic or mineral [58] . In the first case it may involve fragments that come directly from the breakdown of plant tissues, or from particles that are formed via reactions polymerizing free fatty acids, or other minority compounds formed during storage. Unsuitable storage conditions (presence of air, light, metal tanks, etc.) are conducive to the formation of organic sediments. Sediments of mineral origin come from impurities (sand, soil) that have not been totally separated from the biomass prior to extraction. As some sediments dissolve when hot, it is preferable to filter oils cold (< 50°C), after a possible sedimentation stage enabling separation of the densest sediments by gravity (see section 3.1). Although sediments do not cause any real combustion difficulties, they can cause peripheral engine parts, such as filters or pumps, to malfunction. Indeed, sediments may clog the fuel filter and cause additional losses in the circuit, leading to a very significant increase in the injection pressure [37, 53] . Mineral sediments, which are the most harmful because they are highly abrasive, damage fuel feed circuits and the inner wall of the combustion chamber [58] .
• The acidity of oils is mainly due to the existence of free fatty acids from the hydrolysis of triglycerides in the presence of water [38] . Such hydrolysis reactions may take place in the biomass if it is stored under poor conditions (moisture), during pressing if the temperatures are too high, and during oil storage in the presence of water and light. Oil acidity is responsible for damage to engine feed circuits (hose, gasket, etc.) , engine corrosion and SVO instability during storage [37, 60] .
• Water present in oils comes directly from biomass that has been poorly dried, or from condensation under poor oil storage conditions [58] . Water hydrolyses triglycerides to form free fatty acids. The presence of water in vegetable oil deteriorates fuel filter cartridges [60] . In addition, during combustion, the existence of water causes cavitation events, particularly at the piston head [62] , which may cause serious damage. In general, the presence of water in a fuel is detrimental, as it lowers the heating value, disrupts ignition and slows down flame propagation.
Vehicle and stationary diesel engines
Diesel engines are used rather for heavy applications, mainly for transport (road, rail or sea), producing shaft power (agriculture, industry) or electricity generation. They are internal combustion engines with spontaneous ignition of the air/fuel mixture under the combined effect of pressure and temperature. They are designed to run on fossil fuels called fuel oils, such as high distillates (diesel), medium distillates (such as DDO Distillate Diesel Oil) or low distillates (such as Fuel Oil 180). Diesel engines are divided into two major categories, vehicle diesel engines used for transport, and stationary diesel engines used for shaft power and/or electricity generation, and in the marine sector.
Vehicle diesel engines
Vehicle diesel engines, used in the transport sector, operate at high speeds (4,000-5,000 rpm) and are designed to withstand very variable operating conditions (in terms of speed and load) depending on traffic conditions and vehicle weight. This leads to considerable temperature variations in the combustion chamber [63] . Given their low cetane number their combustion may be incomplete and form deposits that foul the engine. Consequently, it seems difficult to fuel a vehicle engine with vegetable oil in the long term. It is definitively not recommended with last generation engines (common rail injection).
Stationary diesel engines
Stationary diesel engines are designed to produce shaft power with high efficiency around the rated speed [63] . They are generally used for applications where load variations are limited, which guarantees high combustion temperatures, provided the engine is correctly sized. Unlike vehicle engines, stationary engines operate at slow speeds (900 rpm at the most for the smallest), with high compression rates. These characteristics provide better combustion conditions, notably longer residence times and higher temperatures, so that fuels with lower cetane numbers can be used.
These engines are therefore perfectly suitable for use with fuels such as DDO, Fuel Oil 180 or SVO with lower cetane numbers than diesel.
Adaptations of diesel engines for use with SVO
Since their invention in 1892 by Rudolf Diesel, diesel engines have been improved to become highly efficient. Consequently, the current engines are optimized for the fuels they are designed for and are not flexible enough to enable optimum combustion of vegetable oils in the combustion chamber [64] . In order to alleviate the problems of SVO injection and combustion in engines due to their high viscosity and low cetane number, it is necessary to proceed in the same way as when heavy fuels such as Fuel Oil 180 are used. It is necessary to i) pre-heat the fuel to make it more fluid and ii) preheat the engine with a light fuel (diesel) in order to increase the average temperature inside the combustion chamber (>500°C) and enable rapid and complete combustion [13] . The combustion engine temperature at which it becomes possible to inject vegetable oils is defined by measuring the temperature of the exhaust gas. However, as diesel engines vary in design, it is preferable, when possible, to test the engine with SVOs to define beforehand the lowest temperature at which oil combustion is complete. To do so, the recommendation is to analyse engine exhaust gases at various load rates. As the engine load rises, the temperature of the exhaust gases increases and the unburnt fuel and CO contents of the exhaust gases decrease. The temperature at which SVO combustion becomes acceptable is reached once the unburnt fuel and CO contents of the exhaust gases are close to those obtained when operating on diesel oil at the same engine load. On average, this temperature is reached at 70% of maximum engine load [13] [7] . From a practical viewpoint, two options can be used to apply the principles described above to run stationary diesel engines on SVOs; it is necessary to either i) blend SVOs with diesel at a low oil content [35, 65] , or ii) adapt engines for dual-fuelling [35, 65] : The blending solution overcomes SVO viscosity and injection problems, hence the combustion problem. However, in order for the blend to retain combustible properties close to those of fuel oil, SVOs must not be used in proportions exceeding 30% [13, 53] . This blend solution is often chosen when only small quantities of vegetable oils are available [66] . However, operators may be tempted to incorporate oil contents exceeding 30%, which would rapidly result in engine fouling and (often irreversible) mechanical breakdowns. Dual-fuelling systems can be used to run a diesel engine, once hot, with 100% SVO. It consists in equipping the stationary engine with an extra fuel tank, for SVO, and a system of valves (electronically or manually controlled) making it possible to switch the feed from one fuel to the other. The diesel/SVO switch-over conditions are controlled as follows:
-as long as the combustion chamber (in fact the exhaust gases) has not reached the target temperature levels for good vegetable oil combustion, the engine continues to be fed with diesel oil [13] .
-as soon as the target exhaust gas temperature is reached, the valve is switched (manually or through a switch-over system which activates a solenoid valve) to feed the engine via the vegetable oil circuit [67] .
-before the engine is stopped, it has to be fed again for a few minutes with diesel oil to flush the entire feed circuit and enable an easy cold start the next time [13] . This dual-fuelling of stationary engines is commonly used in West African power stations that use diesel oil and DDO for the engine start-up and pre-heating phases, and then switch to 100% Fuel Oil 180.
Fuel standards for diesel engines
Historically, Rudolf Diesel tested his prototype engine on peanut oil at the 1900 World Fair in Paris [68] . His patent was registered in 1892 under the name of "heavy oil engine", i.e. that runs on vegetable oils or residues from petroleum distillation as fuel [68] . In 1921, ASTM published the first tentative standard for "distillation of petroleum products at atmospheric pressure" (ASTM D 86-05) [69] . Then, several other international test methods for specific petroleum-derived fuels (Fuel Oil, DDO, etc.) were developed from the 1920s through to the 1940s [69] . Since the 1980s, biodiesel standards have been extensively developed [51] and are commonly used. More recently, with the recent renewed interest in vegetable oil as fuel, the Deutsche Institut für Normung proposed a specific quality pre-standard for rapeseed oil in 2006 [70] (DIN 51605). However, so far, there has been no generic standard for SVO, whatever the nature of the oil. The existing pre-standard for rapeseed oil showed some limitations for our purpose: since it is mainly based on diesel standards, some parameters, limit values, or even test methods that are relevant for hydrocarbon products are not suitable for characterizing SVOs. This pre-standard therefore needs some adjustments to be applicable to any type of vegetable oil and not only to rapeseed oil, to enable use in stationary diesel engines. The standard that is to be proposed must bring into play analytical techniques that are accurate and simple to apply so that they can be performed with conventional equipment in the largest possible number of quality control laboratories in Africa. Such a pre-standard is essential if the use and trading of vegetable oils as fuel are to develop.
General information about fuel standards
In order to guarantee optimum and durable diesel engine operation, manufacturers recommend using standardized fuels. To that end, the physico-chemical properties of the fuel must correspond to the specifications set down by the standards. The purpose of the standards is to certify a set of characteristics and a composition for each fuel that i) guarantee good performance when used in engines (efficiency, mechanical performance, endurance, atmospheric emissions, etc.) and ii) make it possible to estimate and foresee the potential impacts of using, transporting and/or storing these fuels on health and the environment. All fuel standards have their own specifications that can be classified in line with their relation to i) the origin of the fuels (fossil/vegetable), ii) the process used to synthesize/refine/purify them, and iii) the type of application (stationary, marine or transport diesel engine). These standards are issued by national or international organizations present in the different geographical zones of the world including, among others, the American Society for Testing and Materials (ASTM) in the United States, the Institute of Petroleum (IP, London, United Kingdom), the Association Française de Normalisation (AFNOR, Paris, France), the Deutsche Institut für Normung (DIN, Germany), and the International Organization for Standardization (ISO, Geneva, Switzerland). The aim of these organizations is to guarantee a minimum quality for fuels according to their uses, and to protect users and the environment.
The need for an SVO standard for stationary diesel engines in West Africa
have all started defining national strategies. These initiatives have advanced to varying degrees depending on the countries. Unlike the approaches taken by European countries, the USA and Brazil, who are considering developing biofuels almost exclusively by replacing fossil fuels in the transport sector, African countries are primarily targeting the shaft power and electricity generation sectors [21] , which may have a wider social impact considering the weakness of rural energy access in those countries. Land use and potential competition between food and energy is an essential question and debate cannot be avoided [1, 71, 72] . Situations may vary from country to country and a generic position is not possible. However, Africa in general and West Africa in particular present large areas of arable land (as defined by the FAO only 27 % of African cultivable land is in use [73] ). At the same time, those countries show one of the lowest yields per ha for most crops, one of the reasons being a lack of access to energy. Consequently, if the question of land availability is considered carefully, there is a huge potential for bioenergy, particularly when considered with appropriate land, manpower and water management. This suggests a real prospect of improved food security through better use of the whole plant, synergies between crops and cropping systems, and access to energy including storage and transformation [3, 71, 74] .
Fossil fuel standards
Diesel fuels were originally straight-run products obtained from the distillation of crude oil. Depending on the intended application, a wide range of more or less complex and viscous oil products can be used as fuel in diesel engines [75] . These fuels are fractions obtained from petroleum, either as a distillate or a residue. Currently, diesel fuel may also contain varying amounts of selected cracked distillates [76] . Light volatile distillate fuel oils such as diesel, with a high cetane number, are used in cars and trucks for transport applications [69, 77] . The viscous residual fuel oils are used in large stationary and marine engines and usually require preheating for proper pumping, injection, and atomization [75, 76] . Generally, heavy fuel oils consist of residual oils blended with distillates to suit specific needs. Included among heavy fuel oils are various industrial oils and bunker oils [76] . Unlike vegetable oils, whose triglyceride chemical composition is always the same whatever the biomass feedstock, the chemical compositions of diesel fuels are variable depending on the nature of the original crude oil, the refining processes by which the fuel is produced, and the additive used (if any). Consequently, depending on the countries, the standards bodies, and the targeted applications and properties of the original crude oil, the specifications for fuel oils exist in various combinations of characteristics [75] . Concretely, this means that engine manufacturers recommend using fuels with specifications that vary from one manufacturer to another depending on their nationality and their sales area.
International fossil fuel standards
Basically, there is no universal classification for petroleum-derived fuel. Initially, petroleum-derived fuels were classified and standardized according to the process used to obtain them. Nowadays, with the very broad variety of petroleum-derived products and the various standards bodies, there is a plethora of fuel standards that depend on the type of targeted applications rather than the refining process.
ASTM D-396 called "Standard Specification for Fuel Oils" is the most widely used standard to qualify fuel oils [69, [76] [77] [78] . It specifies six different grades of fuels. 
West African specifications
In almost all West African countries, three types of fuel oils are available for diesel engines: Diesel, Distillate Diesel Oil (DDO) and Fuel Oil 180 (FO 180). During work to harmonize specifications in the ECOWAS market, it appeared that specifications for oil products varied slightly from one country to the next [79] . As a reference, specifications for these three fuels, such as defined by the national hydrocarbon import company (SONABHY) [80] in Burkina Faso, are given in Table 2 . Diesel is a light No. 2-D fuel oil with a relatively high sulphur content reaching a maximum 10,000 ppm (i.e. 1% by weight) compared to northern countries of Europe, where diesel contains under 10 ppm of sulphur. It is mainly used for transportation. However, as diesel is better distributed inside the countries than the other two fuel oils, it is also often used by small operators in decentralized areas to run small stationary engines (mills, generators, pumps, etc.). In 2007, diesel amounted to more than half the total national consumption of liquid fuels in Ivory Coast and Mali. It was close to one third in Burkina Faso [19] . DDO is a No. 4-D fuel oil with less stringent specifications than diesel and, in particular, with a higher viscosity and a higher sulphur content. Due to its high viscosity, DDO is not a suitable fuel for car and truck engines, but it perfectly suits all types of stationary engines providing shaft power and/or electricity. DDO is about 30% cheaper than diesel in most countries and, moreover, when it is used for power generation in decentralized areas, it is subsidized or untaxed by states. Fuel Oil 180 is a No. 5-D fuel oil. It is actually a mixture of residual fuel oil and No. 2-D fuel oil formulated to achieve a maximum viscosity of 180 cSt at 50°C. It is mainly used as fuel for large stationary engines (>18MW) used in thermal power plants. Due to its very high viscosity, it has to be preheated before being pumped, injected and burned in engine combustion chambers. So, engines using this fuel are equipped with a dual fuel system. According to the Deutsche Gesellschaft für Technische Zusammenarbeit (GTZ), 64% of the total electricity in West Africa in 2009 was generated from fossil fuel [81] . Moreover, most generators and stationary diesel engines sold in West Africa are designed to operate with diesel and DDO. There are very few generators running on FO 180 (only 3 in Burkina Faso) but as these are generating sets of large power stations, they consume significant quantities of fuel. For example, out of 522 ktoe of liquid fuel imported into Burkina Faso in 2008, 34.5% was diesel, 11.4% DDO and 13.7% FO 180 [20] .
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Biodiesel standards
Biodiesel is a mixture of fatty acid alkyl esters produced by transesterification of vegetable oil with a short chain alcohol. As biodiesel has a chemical composition relatively close to SVO (alkyl esters versus triglycerides), some of the specifications of the biodiesel standards and of the rapeseed oil pre-standard are the same. To be classified as "biodiesel", the alkyl esters must achieve minimum purity and fulfil the specifications of international standards [82] . There are three main biodiesel standards: the American standard ASTM D6751-09 [83] , the European standard EN 14214 [84] , and the Brazilian standard ANP N°7/2008 [85] , the last being largely based on the two others.
The specifications of these international standards depend on:
i) The predominance of the types of diesel engines most common in the region (larger diesel car fleet in Europe/heavier duty diesel engines in the United States and Brazil)
ii) The atmospheric emission regulations in the region iii) The nature of the locally available biodiesel feedstock (elaborated to be "feedstock neutral" in Brazil and in the United States, mainly adapted to rapeseed biodiesel in Europe) [86] . Hence the significant differences for the specifications of these three standards, as shown in table 3. Nevertheless, it can be seen that the specifications of the three biodiesel standards (more than 20) can be divided into two main classes [87] : those inspired from diesel specifications (i.e. density, viscosity, flash point, sulphur and sulphated ash content, carbon residue, sediment content, copper strip corrosion, cetane number) and those specific to the biodiesel synthesis process or feedstock. The latter are useful for quantifying residues linked to the feedstock (phosphorus content, Ca and Mg contents, acid number, contamination) or to the biodiesel process, i.e. synthesis and purification (glyceride content, glycerol content, alcohol content, ester content, water content, Na and K content). It should be noted that some biodiesel specifications related to the quality of the feedstock have also been recommended in the rapeseed oil pre-standard DIN 51605 (see section 4.5.2): P content, Na and K content, Ca and Mg content, acidity, iodine value, oxidative stability. 
Vegetable oil quality standards 4.5.1 History
The first studies on using vegetable oil in diesel engines were led by Gaupp in 1937 [88] and focused on how the physical properties of various vegetable oils, such as viscosity, pour point, or iodine value, affected diesel engines. The impacts of vegetable oil contaminants on diesel engines (such as water or phosphorus) [89] were not a matter of concern at that time. [90] . Because of the low petroleum oil prices in the 1980s and then the major interest of the United States in biodiesel, the work initiated by Pryde was never carried on. Shortly thereafter, Germany became the leader in SVO research and proposed in 1994 a draft quality standard for rapeseed oil as a fuel. This proposal was then successfully improved in 1996, then in 2000, to become the Weihenstephan Quality Plan [30] . Finally, the Weihenstephan Quality Plan standard was reviewed in 2006 to become a quality pre-standard, DIN V 51605, for rapeseed oil as a fuel. A commission is currently working on converting pre-standard DIN V 51605 into a final standard DIN 51605 [89] . The evolution of standards from the 1980s to nowadays is summed up in Table 4 .
The main evolutions concern the phosphorus content, whose limit dropped from 30 to 12 ppm in pre-standard DIN V 51605. Special attention was paid to phosphorus not only because of the formation of deposits that clog injectors and valves, and foul the walls of the combustion chamber, but also because phosphorus is a poison to catalysts used in exhaust mufflers to oxidize unburnt residues. Moreover, the catalysts used in modern diesel engines can be deactivated by earth alkali metals, such as Ca and Mg, which became important parameters to control in SVOs, and the commission has been working on Na and K specifications in the last few years [89, 91] .
Pre-standard DIN V 51605: applicability and limitations
Pre-standard DIN V51605 is recognized as a reference within the community of people who are interested in using vegetable oil as fuel [92] . Even though the authors state that it is possible to use rapeseed oil as fuel in commercial vehicles and trucks, in all cases they recommend either adapting the engine in a dual-fuel mode with fuel preheating, or using it as a mixture by incorporating rapeseed oil in diesel fuel [32, 91] . Nevertheless, this pre-standard DIN V51605 shows some limitations. First of all, the pre-standard is restricted to rapeseed oil. Some specifications, such as the cetane number and kinematic viscosity, are too restrictive and not suited to the physico-chemical properties of SVOs for use in stationary diesel engines. Based on these standard specifications, palm oil cannot be used as fuel, although many stationary engines are already fuelled with that oil [93] [94] [95] [96] . Moreover, test methods have not been designed for vegetable oils but for diesel fuels or for biodiesel. Their repeatability and applicability to vegetable oils need to be evaluated [32] . Given the nature of complex mixtures of petroleum-derived products, their characterization methods often require highly specialized analytical tools, which are too sophisticated for the analysis of simple mixtures like vegetable oils. These tools may not be affordable to small certification laboratories in developing countries. Moreover, the 15 parameters recommended in the pre-standard are not necessarily useful in the case of stationary applications. Therefore, in the next section, we will propose specifications that are better suited to stationary applications in terms of parameters, test hal-00814899, version 1 -18 Apr 2013 methods and limit values. These specifications will be discussed in relation to the specifications in pre-standard DIN V 51605.
Towards an SVO standard: Parameters, Test methods & Limit Values
In pre-standard DIN V 51605 [70] , 15 parameters are controlled and a distinction is made between characteristic properties and variable properties (Table 4) , which was already made by Pryde et al [90] . The characteristic properties are related to the nature of the feedstock. They are relatively constant for a given kind of oil and even between different oil types (see Table 1 ). The variable properties (total contamination, water content, phosphorus content, free fatty acid content, ash content, oxidation stability and Ca and Mg content) are greatly influenced by the conditions under which seeds are obtained and processed into oil. Indeed these oil properties greatly depend on agronomic factors (seed variety, cultural techniques, climatic conditions, harvesting, etc.), seed storage conditions, processing factors (seed roasting, extraction, filtration, etc.) and oil storage conditions [89] . In this section, we propose 7 crucial parameters selected from the 15 provided by the pre-standard, to be measured for the quality certification of SVOs for stationary applications. For the chosen parameters, the test methods and/or limit values proposed by pre-standard DIN V 51605 are readjusted. 
Selection of the relevant characteristic properties
hal-00814899, version 1 -18 Apr 2013
As explained earlier, characteristic properties are dependent on the feedstock and constant for a given feedstock. So it is not necessarily relevant to measure all these parameters to characterize the behaviour and quality of SVOs, unless to attest the origin and the purity of the vegetable oil, i.e. the fact that it has not been mixed with other products.
Discarded characteristic properties
The flash point of a fuel is an important safety storage and handling parameter and does not influence the performance of the engine [13] . The flash point of vegetable oils is sufficiently high (over 220°C, except for babassu oil ~150°C, while over 66°C for diesel oil) to ensure good handling safety [97] , so it is not necessary to measure it. Moreover, the closed cup distillation method, DIN EN 2719, proposed by the pre-standard is not applicable. The carbon residue of diesel fuel correlates approximately with combustion chamber deposits which relate to the lifetime of a diesel engine. After filtration or degumming processes, the rate of carbon residue [35, 98] ranges from 0.2 %wt to 0.3 %wt, which remains below the maximum value limit of 0.4 %wt given by the pre-standard specifications [99] . The higher heating value of vegetable oil is a measurement to assess its energy content. The higher heating values of oils are slightly variable from one to another (36-40 MJ/kg) but higher than the prestandard limit value of 36 MJ/kg for all of them (Table 1) . Therefore, there is no special need to analyse the higher heating value, except to calculate rates of substitution, when no values are available or have been found in the literature. The cetane number is relatively constant within a kind of vegetable oil and even between different kinds of oils (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (Table 1) . Therefore, measurement of the cetane number to ensure good quality SVO in stationary engines is pointless. Vegetable oil sulphur content is generally close to zero and lower in any event than that of diesel fuels (≤100 ppm) [28, 100] . While the specifications for light diesel are fixed at around 10-15 ppm in Europe [101] , this limit is much higher in other countries and reaches 500 ppm in India [28] , 5,000 ppm in the USA and 10,000 ppm in Burkina Faso. The sulphur content specifications for heavier fuel oils are even higher (30,000 ppm in Burkina Faso) (see Table 2 ). For these reasons, the assessment of sulphur content in vegetable oils for use in stationary engines is not compulsory.
Chosen characteristic properties
It is essential to measure three characteristic parameters to ensure that the fuel used is indeed pure vegetable oil and to confirm the vegetable origin: density, viscosity and iodine value. The density specification is suitable for excluding material other than vegetable oil, or for detecting mixtures of vegetable oil with other liquids (petroleum products, glycerol, etc). , so as not to exclude vegetable oils such as castor, jatropha, mahua, neem, or babassu oil. The test method by gravimetry, ISO 6883, used for edible oils is very simple to handle. Moreover, it is relevant to control density as a fuel pump is a volumetric device. So, for the same HHV, a fuel with a low density implies that the energy content per unit of volume decreases, which results in a lower fuel-air equivalence ratio inside the combustion chamber and a decrease in the energy delivered per cycle [58] . Consequently, for a fuel with a high density, although this increases the energy delivered per cycle, the excess fuel-air equivalence ratio inside the combustion chamber results in an increase in unburnt fuel and particle emissions in the exhaust gases.
Viscosity is a rapid indicator of fuel quality before use, especially if the nature of the feedstock is not well known, or if the oil could have been deteriorated or polymerized during storage [102] . As explained in section 3.2.1, the kinematic viscosity of SVO is higher than that of conventional grade No. 2-D diesel fuel, but lower than that of heavy fuel oil. Even though it is recommended to preheat SVOs, to reduce their viscosity, it needs to be ensured that the elements of the pump are robust enough to circulate this liquid [58] . Indeed, the use of high-viscosity fuels lowers the efficiency of the injection pump, shortens the lifespan of a pump and increases the risk of fuel leakage. In all cases, it is preferable to ensure that the pump is capable of withstanding at least viscosities above 100 cSt. This value is recommended by the engine manufacturer Wartsila, which has installed several hundred MW power plants running on SVO mainly produced from palm oil in Italy [103] . Test method ISO 3104 in pre-standard DIN V 51605 is suitable for an SVO standard for stationary engines. However, the limit value may be increased from 25 to 50 cSt to include a wider range of vegetable oils such as castor oil, palm oil or peanut oil. Special attention should be paid to some saturated oils (palm oil, coconut oil, babassu oil, fats) which are solid at low temperatures (Table 1) and must be preheated, especially in fuel tanks and lines [90] . The problems linked to low temperatures are less a matter of concern in tropical countries, such as in West Africa.
The iodine value is a measurement of the total unsaturation of vegetable oils, as well as an indicator of their susceptibility to oxidation [102] . Vegetable oils can be divided into four major categories depending on their iodine value: saturated oils (iodine value between 5 and 50), so-called semi-siccative mono-unsaturated oils (50 and 100), di-unsaturated oils, also called semi-siccative (100 and 150) and tri-unsaturated oils called siccative (over 150). As shown in figure 3 , this parameter is specific to each oilseed, making it possible to check the nature of the biomass used. Although SVO viscosity increases with total unsaturation, the iodine value is not a parameter that can be used to draw conclusions about the quality of SVO or the potential presence of impurities [104] . For biodiesel standards, there is some controversy about the need for an iodine value standard at all, and some standards, like ASTM, do not include an iodine value specification [105] . So, contrary to the pre-standard DIN V 51605 specifications, we suggest not setting specific limit values for this parameter, but only reporting it in the analysis report. The iodine value test method proposed in prestandard DIN V 51605, the Wijs analytical method, is suitable for biodiesel (known as EN 14111) and vegetable oils (known as ISO 3961) and is adopted for the SVO standard for stationary engines. 
Selection of the relevant variable properties
Variable properties are related to the conditions under which SVO is obtained. They can highlight the presence of contaminants and impurities that might lead to engine breakdowns.
Discarded variable properties
Ash content indicates the content of minerals and oxides of an abrasive nature for the engine. According to Espadafor and al. [58] ash constituents, such as vanadium, nickel, sodium, aluminium and silicon are harmful for the engine, and their presence merely increases engine wear and corrosion. Moreover, the sticking temperature of the mixture of oxides and vanadium may also cause deposits in the exhaust gas system. Nevertheless, ash is not troublesome because there is 10 to 20 times less ash in SVOs than in petroleum products and it is always recommended to carry out safety filtration before injecting the oil into the combustion chamber. According to most published work, although the initial ash content of crude vegetable oil is about 300-2,300 ppm, it drops systematically to under 100 ppm when the oil is filtered [28, 106] . As all SVO production processes require filtration, the ash content should always be below the limit of 100 ppm specified by both pre-standard DIN V 51605 and SONABHY. It is therefore not necessary to systematically analyse it. If it is feared that SVO may have been contaminated after filtration during transportation, handling or storage, any additional mineral could not dissolve and would be directly detected by measuring total contamination (see 5.
2.2)
Oxidative stability is a major issue for the storage of vegetable oils, especially if the oil contains high levels of polyunsaturated fatty acids (PUFA). These PUFA could polymerize into insoluble particles such as gums, sediments or other deposits under the action of light, high storage temperature, or oxygen [104, 107] . However, oxidative stability is closely related to the iodine value [102] , which is a hal-00814899, version 1 -18 108] ) and American standards (Oil Stability Index OSI [109] ), are controversial because they are accelerated methods and they are performed at high temperatures, which do not reflect true oil oxidation conditions, as it often occurs at room temperature. Consequently, in order to determine whether SVO has oxidized during improper storage, determination of the free fatty acid content is sufficient, and in order to estimate SVO oxidative stability, measurement of the iodine value should be preferred.
The presence of Ca and Mg in exhaust gases can poison catalytic converters, reducing the benefits for the environment and for human health [32] . In West Africa, there are no sub-regional texts related to air pollution [110] . Only Ivory Coast, Togo, Senegal, Burkina Faso and Benin have an environmental code in which some laws and regulations govern air pollution [111] . However, even for these countries, standards are often not specified and, if specified, monitoring remains an issue [111] . So, as environmental standards in the countries of West Africa have little or no binding power in terms of unburnt releases into the atmosphere, the stationary engines that are sold are not equipped with catalytic converters. Consequently, Ca and Mg contents have not been adopted in the proposed standard for vegetable oil as a fuel in stationary engines.
Chosen variable properties
The major variable properties that should be measured to ensure sufficient vegetable oil quality for use in stationary engines are the phosphorus content, total contamination, the water content and the free fatty acid content (see table 5 ). The phosphorus content indicates the presence of phospholipids (or mucilage), which are undesirable constituents that come from the cell membranes of seeds and kernels. It is an essential concern in the quality of vegetable oil as a fuel, as using oil with a high level of phospholipids results in the formation of deposits, which coke in hot engine sections (combustion chamber and nozzle holes) [13, 98] . All publications are unanimous on the negative effect of phospholipids, but some researchers attribute the formation of deposits to phenomena taking place within the engine and others to the accumulation in the combustion chamber and nozzles of particles formed during storage, due to the presence of phospholipids [112] . Moreover, as for Ca and Mg, phosphorus is a poison for the catalysts used to reduce exhaust gas emissions [86, 102] , which explains why international standards for biodiesel take it into consideration. But as for Ca and Mg , this is not a matter of concern for countries in West Africa (see section 5.2.1) The phosphorus content of seeds mainly depends on the process (expeller temperature) [30] , but it is also highly variable from one species to another [113] . For example, it can reach 70 ppm for sunflower oil [106] , 200 ppm for jatropha oil [114] , 270 ppm for crude soybean oil and 620 ppm for crude cotton oil [106] . Current technical equipment used to filter oils in small-scale oil mills is not able to reduce the phosphorus content. If the phosphorus content is high, it is known from the literature that bleaching earths [44, 115, 116] and other substances, such as diatomaceous earths [44, 117] , cellulose [44, 117] and synthetic silica gels [44, 115, 116] , are suitable for eliminating phosphorus from vegetable oils. The addition of acid (citric acid or phosphoric acid) and water to oil enables phospholipids to be removed after oil filtration [41, 44] . The pre-standard for vegetable oil proposed ICP-OES (inductively coupled plasma optical emission spectrometry) as a test method for determining phosphorus content, similarly to biodiesel standards. ICP-OES is very complex and expensive. An alternative method, molecular absorption spectrophotometry, based on the formation of blue-coloured molybdenum complexes, was normalized for P content determination in edible oils (ISO 10540-1:2003) [118] and was tested with biodiesel samples by Silveira et al [119] . In that work, visible spectrophotometry proved to have many advantages over ICP-OES, namely simplicity, accuracy, precision and low cost. Moreover, this method has been applied to P content determination in canola oil [120] . It is adopted for the proposed standard for vegetable oil as a fuel in stationary engines. The first specifications on phosphorus content for SVO were set at 200 ppm [90] . With the development of catalytic converters to reduce vehicle exhaust emissions, recent specifications have lowered the phosphorus thresholds from 15 ppm to 12 ppm in pre-standard DIN V 51605 for vegetable oil (Table 5 ) and to 10 ppm for biodiesel [83] [84] [85] [86] . However, stationary engines (almost) never work with catalytic systems in West Africa. Therefore, the threshold of 12 ppm seems irrelevant and too strict for the standard that we propose for West Africa. A study conducted in 2003 in Germany showed that when pressing conditions were well mastered (<50°C), the phosphorus content could easily drop below 50 ppm [91] and Vaitilingom showed in his work that a phosphorus content under 50 ppm in vegetable oil is sufficient to have the qualities required for fuel use [45] . For these reasons, the phosphorus threshold could be set at 50 ppm for SVO use in stationary engines.
Total contamination is defined as the insoluble solid particles that are retained after fuel filtration. Even though vegetable oil particles are less abrasive than the mineral particles found in petroleum products [58] , they must be limited, as a high level of contamination can block filters and nozzles, and they are also abrasive for the pump and injection system. Contamination can also be reduced by proper filtration of the vegetable oil at 5 µm, as recommended in the fuel quality standard proposed in 1994 [89] . Test method EN 12662 proposed by pre-standard DIN V 51605 is the same as for diesel fuel and biodiesel with an extraction thimble of 0.8 µm porosity [30] . However, this method applies to liquid petroleum products with a low kinematic viscosity (<5 cSt at 40°C) [102] and is not suitable for vegetable oils. We therefore suggest ISO 663 [121] , originally used for edible oil analysis. In biodiesel standards, the limit value for total contamination has been set at 24 ppm. The presence of these abrasive materials (that mainly come from catalysts) in higher concentrations can shorten filter and pump life or clog fuel filters, which can lead to engine fuel starvation [122] . In pre-standard DIN V 51605, the same limit value of 24 ppm was adopted. However, in West Africa, fuel standards specify 100 ppm as the limit value for total contaminants in both diesel and DDO.
Total contamination is highly variable, depending on the seeds and the process. Some studies report very high contamination in crude unfiltered jatropha oil (around 30%) compared to that of rapeseed oil (5%) [114] . Because of its variability, this parameter must be absolutely controlled. Indeed, particles were the major problem encountered in 31 decentralized oil mills in 2003 [29] . Even in rapeseed oil, the limit value of 24 ppm was virtually not achieved in most of the decentralized rapeseed oil mills that were evaluated [29, 91] . Half of the tested samples had a total contamination exceeding 24 ppm, though it remained below 60 ppm for 90% of the samples. Based on these technical arguments, regarding the limit value of 100 ppm for total contamination for both diesel and DDO in West Africa, and the lower abrasivity of SVO particles than petroleum product particles [58] , we suggest fixing the total contamination limit value for SVO in stationary engines at 100 ppm.
Water content is limited in fuel specifications because it promotes microbial growth, tank and filter corrosion, and hydrolysis that leads to fatty acid formation. During combustion, if water is well emulsified in SVO, the effective energy content of the fuel decreases, leading to increased fuel consumption. Depending on the water concentration, in the long term it causes cavitation events in the combustion chamber. In the case of SVO or biodiesel, water can induce phase separation if blended with diesel [86] . The ISO 12937 test method, coulometric Karl-Fischer titration, was proposed in the diesel and biodiesel standards and in the SVO pre-standard DIN V 51605. This Karl Fisher method, also proposed for edible oils as ISO 8534, has been selected for water content determination in SVO. It is easy to perform, even though some stabilization problems, due to high relative humidity, can be encountered during the rainy season in tropical countries. The water content of crude and refined vegetable oils can reach 600-1200 ppm in some cases [106] . The specifications for fuel oil in West African countries are 500 ppm, so lower than those proposed in the German pre-standard of 750 ppm. Nevertheless, for use in stationary diesel engines, the limit value in pre-standard DIN V 51605 can be reasonably maintained at 750 ppm, as it is much lower than the 5,000 ppm specified for heavy fuels [58] .
Acidity in vegetable oils can vary from 0.01% to 10% wt (which corresponds to 0.02 to 20 mg KOH/g oil) [37, 106] . Free fatty acids have smaller molecular weights than the triglycerides they are derived from, which makes acidic vegetable oils more easily flammable. According to Vaitilingom, the free fatty acids of SVO are not a problem for use in diesel engines up to 10% wt. When acidity increases from 0.01% to 1% wt, and to 10% wt, the "flash point" is reduced by 20°C and 85 °C respectively [37] . However, free fatty acids cause corrosion and deposits in the engine. In fact, free fatty acids are markers of vegetable oil quality, as they are generated during the process as well as during ageing. The free fatty acid content must be carefully controlled to monitor fuel quality, especially since it is a hal-00814899, version 1 -18 Apr 2013
simple parameter to measure [102] . The test method EN 14104 proposed in fuel standards (biodiesel standards, pre-standard DIN V 51605, EN ISO 660 for edible oil), is titration using an ethanolic KOH solution with phenolphthalein as an indicator. This test method can be adopted in the SVO standard for stationary engines. Despite the fact that some engine manufacturers, such as Wartsila, accept free fatty acid contents up to 15mg KOH/g SVO, acidity is responsible for damage to engine feed circuits (hose, gasket, etc.) and engine corrosion [37, 60] . As set for DDO in West African countries, the limit value proposed in the standard for stationary engines is 3 mg KOH/g oil (which is higher than the 2 mg KOH/g in pre-standard DIN V 51605). Silica crucible + visible spectrophotometer + muffle furnace = € 4,300 Table 6 : Estimation of investment cost to set up a laboratory to analyse /characterise vegetable oil as a fuel in stationary engines
Parameter
Discussion
It can be seen that it is essential to propose quality criteria to be analysed for SVO use as fuel. Even though the extraction of SVOs from oil-bearing biomass and their use as engine fuels are simple from a technical point of view, it is absolutely necessary to check oil quality so as not to damage the engine. Whilst the choice of the seven parameters to be controlled was mainly based on existing standards, it was also motivated by the requirements of engine manufacturers, who have huge experience of running engines on SVOs. SVOs are already widely used for power generation, for example with Wartsila engines [103] . Such engine manufacturers specialized in SVO use have shown that stationary engines can run on vegetable oil, without needing to convert it into biodiesel. It is sufficient to adapt the engine with a dual-fuel system, which ensures 1) that the combustion chamber of the engine is hot enough to achieve complete combustion of the oil and 2) that the oil is sufficiently fluid to be pumped and injected into the engine. Engine manufacturers have various recommendations regarding SVO quality. Elsbett [123] , which markets engines that can operate on vegetable oil without modifications, specifies the parameters related to oil quality that it is important hal-00814899, version 1 -18 Apr 2013
to check. On its website, the manufacturer recommends: "a rough oil quality check should mainly be focused on three variable properties: 1) Contamination, 2) Phosphorus Content and 3) Water Content [123] . Wartsila proposes a full set of specifications with 20 different parameters to control [103] . In our proposed standard for vegetable oil as a fuel in stationary engines, we also recommend measuring the free fatty acid content and viscosity using simple, cheap and rapid analytical methods, in order to guarantee that the injection system (tank, pump, filters, hoses, injector, etc.) will not be damaged in the long run. Moreover, if any doubts exist about the quality of the oil, or if the obtained kinematic viscosity values are not in agreement with those given in the literature, or are off limits compared to the standard, measurement of the iodine value and/or density of the oil are also recommended, to ensure its origin and/or purity.
As the design and working conditions of stationary engines are different from those of vehicle engines, pre-standard DIN V51605 appears too restrictive and, for a few parameters, even appears not to be applicable to SVO. Its promotion for stationary engines would lead to higher fuel costs and, in most cases, to the banning of SVO. Table 7 summarises the set of parameters, thresholds and test methods suggested for applications in stationary engines not fitted with catalytic converters West Africa.
This proposal was motivated by technical arguments but also by practical and economic considerations. The standard to be proposed must involve analytical techniques that are cheap, simple to carry out with conventional laboratory equipment and quick to perform, so as to be accessible as widely as possible to quality control laboratories in Africa. Such a pre-standard is essential if the use and trading of vegetable oils as fuels is to develop. Based on equipment prices when purchased in Europe and imported into West Africa (see Table 6 ), we estimate that the cost of setting up a properly equipped laboratory to implement this standard certification would be around € 19,000. From 2iE laboratory experience, considering the purchase of required reagents, solvents and standards (for equipment calibration), the cost for one set of analyses (2 replications) amounts to € 47.5, excluding depreciation and maintenance costs, which would greatly depend on the number of analyses carried out per year. Thus, according to our simulations, and depending on the number of samples to be analysed, one set of the 7 recommended analyses would cost from € 60 to € 100. Comparing these figures to SVO selling prices, which vary from 75 to 100 cents per litre [124] , it remains clear that such quality control costs would only remain accessible for relatively large-scale applications. 
ISO 663 Gravimetry
Treating the product with an excess of solvent, filtering the solution, washing the residue with the same solvent and drying at 103°C ± 2°C to constant weight.
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Conclusions
In order to meet the growing demand for energy in West African countries and to cope with the craze in that region for biofuels from oil-bearing plants, it has become necessary to develop a standard that allows easy testing of the quality of a vegetable oil for fuel use. Due to their physicochemical characteristics, in particular their high viscosity and low cetane index, vegetable oils as fuels have properties that are similar to those of Heavy Fuel Oils, which are commonly used in West Africa. Combustion problems inherent to the high viscosity and low cetane index of vegetable oils can be easily overcome, either by using SVOs blended with diesel at a low oil content, or by adapting engines with a dual-fuelling system. However, although these simple technical options enable easy operation of stationary engines with SVO, it is absolutely necessary to ensure that the vegetable oils used do not contain impurities, which could quickly damage the engine, either in the combustion chamber or in all of the peripheral fuel supply and exhaust gas devices. Given the number of operators involved in SVO production in West Africa, biofuels from diverse origins will soon be traded and used. Consequently, oil quality is a recurring issue and its proper management is a key success factor for the development of the biofuel sector. Based on 1) a critical review of existing standards for various diesel engine fuels and 2) on the current knowledge of vegetable oil characterization, we propose a basic set of quality criteria that SVOs must comply with, in order to fuel stationary diesel engines without causing breakdowns or serious lifetime reductions This pre-standard specifies the measurement of 7 parameters, two of which are recommended but not necessarily compulsory. The specifications of this pre-standard recommend analytical methods that are easy and inexpensive to implement. The limit values suggested match the targeted type of vegetable oil use, i.e. stationary diesel engines for non-vehicle applications. As such engines are heavy duty and operate under more stable conditions than vehicle engines, the proposed standard is less strict than that for standard diesel fuels (diesel and biodiesel). The specifications proposed by this pre-standard will have to be validated in the coming years, especially: i) Methods must be tested in the 2iE laboratory for different types of vegetable oils available in West Africa and re-adapted according to the different contaminant contents, ii) Limit values for the specified contaminants must be tested in the field by long-run tests on some engines in thermal power plants. The West African Economic and Monetary Union (WAEMU), which is convinced of the need to harmonize standards in its member countries to promote trade and encourage exchanges between the countries, wishes to provide impetus to such an initiative in its zone of influence. This work will make it possible to validate the pre-standard, and then it will serve as a basis for further deliberation by a working group for a standardization process within WAEMU.
As the rough cost analysis shows, these costs, while being minimised, remain inaccessible for smallscale applications (few dozen kW). Consequently, 2iE is also working on a simplified methodology to guarantee safe use of SVO in stationary engines associated with a specific engine maintenance methodology.
